ABSTRACT. Single-walled carbon nanotubes (SWCNTs) have unique transmembrane abilities. The huge superficial area and abundance of π electrons confer SWCNTs perfect absorptive capability toward proteins, nucleates, and many drugs. These characteristics make SWCNTs a new and efficient drug carrier. The purpose of this study was to disperse SWCNTs in water and have paclitaxel absorbed onto them in order to construct an asparagine-glycine-arginine (NGR)-SWCNT-Paclitaxel complex as a targeting nanoparticle system. The NGR-SWCNTPaclitaxel complex was systematically studied, and analytical methods, including spectrophotometry for SWCNTs and high-performance liquid chromatography for paclitaxel, were employed. The preparation and the prescription of the NGR-SWCNT-Paclitaxel complex lyophilized powder were investigated. MCF-7 cancer cells, Sprague-Dawley rats, and S180 tumor-bearing mice were used as experimental subjects to evaluate the in vitro and in vivo activity of NGR-SWCNT-Paclitaxel complex dispersion. The complex dispersion showed obvious inhibition activity against MCF-7 cancer cells. Within 1 h, the NGR-SWCNT-Paclitaxel complex could be transferred to cells, and sustained the release of drugs. In addition, the tumor and liver targeting and improved therapeutic effects of the NGR-SWCNT-Paclitaxel complex were confirmed.
INTRODUCTION
The incidence of cancer is currently growing every year. In China, the National Cancer Registration Center recently released the "2012 China Tumor Registries Annual Report", which showed that in the last few decades, increasingly younger patients are suffering from cancer, and that the morbidity and mortality rates have increased. There are 3.12 million new cancer cases diagnosed every year, which means that six people are diagnosed with cancer every minute. Paclitaxel, as an important anticancer drug, is a secondary metabolite that was first isolated from plants of the genus Taxus by Wall et al. in 1963 . As a natural tetracyclic diterpene compound, the drug mechanism is based on its microtubule functions. Paclitaxel promotes microtubule protein polymerization, inhibiting the composition of cell inner frames and interference of cell mitosis; therefore, it has been widely used in clinics for treating breast cancer, ovarian cancer, and non-small-cell lung cancer. However, because paclitaxel is not a targeting medicine and is not completely water-soluble, it can result in various side effects of chemotherapy including myelosuppression, neurovirulence, cardiovascular toxicity, hepatotoxicity, anaphylaxis, etc. Therefore, an efficient drug carrier for paclitaxel to specifically target the cancer is urgently needed.
Carbon nanotubes (CNTs) represent a new drug delivery method with unique physical, chemical, and biological characteristics (Xiao et al., 2009; Majumder et al., 2010; Adolph et al., 2012; Matthews et al., 2013) . There are 2 main kinds of CNTs: single-wall CNTs (SWCNTs) and multi-wall CNTs. Studies have found that CNTs have a unique feature defined as a transmembrane, which enables them to pass through various cell membranes passively (Andersen et al., 2013) . However, CNTs are highly hydrophobic, are insoluble in both water and organic solvents, and their biocompatibility is very poor. Therefore, unfunctionalized CNTs are toxic to organisms (Sinnott, 2002; Kam et al., 2006) . However, based on the transmembrane of CNTs, researchers have found that those properly functionalized could transport biomolecules or drugs into cells without toxicity (Sundararajan and Ghosh, 2011; Adolph et al., 2012; Bearden and Zhang, 2013) . CNTs are composed of carbon atoms with SP2 hybrid orbitals, and contain high amounts of highly delocalized π electrons, which facilitate the combination of CNTs with compounds containing π electrons, such as polypeptides, proteins, phospholipids, etc.
In our study, phenylalanine was used to functionalize SWCNTs to improve their water-solubility. Since the asparagine-glycine-arginine (NGR) complex can connect to amino-Paclitaxel-single-walled carbon nanotube complex peptidase-N (CD 13 ), which is only expressed on tumor cells, NGR was employed to modify SWCNTs for targeting the cancer. After SWCNTs were functionalized and modified, paclitaxel was dispersed and adsorbed on the SWCNTs to construct the NGR-SWCNT-Paclitaxel complex.
MATERIAL AND METHODS

SWCNT-Paclitaxel complex
There are currently no mature preparation methods for SWCNT complexes (Maehana et al., 2010; Duque et al., 2013) . In this study, three different methods were tested, including the precipitation method (PM), the adsorption method (AM), and the grinding method (GM) (Ohta et al., 2010) . For the PM, recipe quantity paclitaxel was dissolved in alcohol, to which recipe quantity SWCNTs was added. Ultrapure water was dropped into the system in the ultrasonic environment, and the SWCNT-Paclitaxel complex was obtained by centrifugation. The complex was mixed with a surfactant solution of recipe quantity, and after ultrasonic disposal, the SWCNT-Paclitaxel complex (SP complex) dispersion solution could be obtained when dissociative paclitaxel and SWCNTs were removed by centrifugation. For the AM method, SWCNTs were added to the surfactant solution and were dispersed by using an ultrasonic probe. Undispersed SWCNTs were removed by centrifugation, and then recipe quantity paclitaxel was added to the dispersion and ultrasonic-dissolved. SWCNT-Paclitaxel complex dispersion could be obtained after the removal of dissociative paclitaxel. In the GM, SWCNTs, recipe quantity paclitaxel, and ethyl alcohol were placed into agate mortar. The system was ground for 2 h and the alcohol was evaporated by vacuumization. The SWCNT-Paclitaxel complex was mixed with surfactant solution, ultrasonic disposed, and centrifuged, and then the SWCNT-Paclitaxel complex dispersion was determined.
SP complex process
In this study, the loading rate (LR) and the encapsulation efficiency (EN) were regarded as the major indicators for the investigation.
The LR and EN were calculated according to the formula: LR = (total concentration of paclitaxel -concentration of dissociated paclitaxel) / concentration of SWCNTs EN = (total concentration of paclitaxel -concentration of dissociated paclitaxel) / total concentration of paclitaxel
To compare the LR and EN of the three preparation methods, 10.0 mg SWCNTs, 0.5 mL 40 mg/mL paclitaxel ethyl alcohol solution, and 5 mL 10 mg/mL Poloxamer188 solution were mixed, and the SP complexes were prepared by PM, AM, and GM, respectively.
To determine the influence of SWCNTs and the paclitaxel reactant ratio on LR, four exact doses of 10.0 mg SWCNTs were added to 10, 20, 40, and 80 mg/mL paclitaxel alcohol solution, respectively, which resulted in SWCNT:paclitaxel at mass ratios of 2:1, 1:1, 1:2, and 1:4. Then, the SP complexes were prepared by using the three methods (PM, AM, and GM).
The LRs and ENs of the different methods were then compared.
Construction and evaluation of NGR-SWCNT-Paclitaxel complex
In the 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N (DSPE-PEG)-Maleimide molecule, maleimide can react with sulfhydryl at room temperature. Therefore, DSPE-PEGMaleimide could bond to NGR by cysteine, and the DSPE group could be absorbed onto SWCNTs, as shown in Figure 1 . Next, 0.2 mg DSPE-PEG2000-Maleimide was added to 2 mL SP complex dispersion, and after 20-min ultrasonic treatment, poloxamer188 was added to adjust the concentration to 2.0 mg/mL. Ultrasonic treatment was performed again, and the system was filtrated through a 100-μm membrane. The DPM-modified SP complex was obtained after redispersion with ultrapure water. The NGR polypeptide solution was placed in the system at a 15:1 NGR:DPM ratio, and was reacted overnight in the dark. Once the unreacted NGR polypeptide was filtered through the membrane, the NGR-SWCNT-Paclitaxel complex was constructed.
To evaluate the NGR-SWCNT-Paclitaxel complex, the particle size distribution (PSD) and the zeta potential were inspected using the Nano-ZS90 Laser diffraction particle size analyzer (LDSA) system. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) were also employed to investigate the NGR-SWCNT-Paclitaxel complex system. Through a series of experiments, the optimal condition of the lyophilized preparation was determined. The NGR-SWCNT-Paclitaxel complex was placed in a 2-mL EP tube, to which a 5% sucrose:lactose mixture (4:1) was added. The system was completely dissolved and mixed in a constant temperature oscillator at 37°C for 30 min. After pre-freezing for 6 h at -40°C, lyophilized powder could be obtained through 24 h of freeze-drying in a lyophilizer.
Paclitaxel delivery system
MCF-7 cells were cultured in an incubator at 5% CO 2 in RPMI1640 medium with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin at 37°C for one-generation passage over 2-3 days.
Fluorescein isothiocyanate (FITC) has multiple aromatic rings, and could be absorbed on the surface of CNTs by π-π stacking interactions. One milliliter 1 mg/mL FITC dimethyl sulfoxide solution was added to 5 mL NGR-SWCNT-Paclitaxel dispersion solution. After ultrasonic dissolution, 24 h standing, and purification with dextrangel, the FITC-labeled NGR-SWCNT-Paclitaxel complex was obtained, which could be measured using fluorescence spectrophometry.
The experiment evaluated three treatment groups, the NGR-SWCNT-Paclitaxel-FITC group (NSPF group), the SWCNTs-Paclitaxel-FITC group (SPF group), and the FITC group (F group), and a control group. The concentration of FITC was the same in every group, and 1 μg/mL paclitaxel was used in all pharmaceutical groups.
MCF-7 cells were placed on 6-well culture plates at a density of 0.8-1.0 x 10 6 cells/ well and were cultured for 24 h. Then, the culture medium was removed and cells were washed with phosphate-buffered saline 3 times, and cultured in medicated media. Three experimental wells were respectively cultured for 1, 2, and 4 h, and the cells were washed and fixed in 75% alcohol. Subsequently, cells were observed under a fluorescence microscope, and intakes were recorded. The SPF group, F group, and control group were all treated with the same procedure as described above.
The 3,[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay was employed to detect the survival of cells, and the living cell amount was determined by using an enzyme-linked immunosorbent assay (ELISA) at a 570-nm wavelength. The inhibition rate was calculated based on subtracting the optical density of the blank group from those of the experimental and control groups.
Different cancer cell types, including EC9706, SPC-A-1, SMMC-7721, MCF-7, and PC-3 cells, were treated and detected by using the MTT assay. The inhibition activities of 8.0 μg/mL NGR-SWCNT-Paclitaxel complex against different cancer cells were evaluated and compared.
NGR-SWCNT-Paclitaxel complex
Mouse180 ascitic tumor cells were diluted in normal saline at a 3:1 ratio, 0.3 mL cell suspension was injected into every mouse, and the mice were maintained for a further 7 days following injection. Mouse ascites were extracted and diluted into cell suspensions at a 2 x 10 6 /mL ascitic tumor cell density. The suspension was subcutaneously inoculated to the mice's right forelimbs. Seven days later, mice with tumors ≥100 mm 3 were selected for use as tumor-bearing models.
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The paclitaxel plasma samples were prepared by adding 200 μL paclitaxel standard solution to 2 mL methyl tertiary butyl ether (MTBE). After oscillation and centrifugation, the upper clear liquid was removed and dried in nitrogen at 40°C.
Blank plasma samples were prepared by adding 200 μL heparinized plasma to 2 mL MTBE. After oscillation and centrifugation, the upper clear liquid was removed and dried in nitrogen at 40°C.
Paclitaxel contents were evaluated in tissue samples from the brain, liver, spleen, kidney, and tumors of rats. Tissues were removed and weighed and a 3-time weight homogenate (1:1 normal saline:acetonitrile) was added to prepare the tissue homogenates. A 10-μL aliquot paclitaxel standard solution and 2 mL MTBE were added to 200 μL tissue homogenate. After oscillation and centrifugation, the upper clear liquid was removed and dried in nitrogen at 40°C.
The blank tissue samples were prepared by adding 200 μL tissue homogenate to 2 mL MTBE. The upper clear liquid was removed after oscillation and centrifugation, and dried in nitrogen at 40°C.
Samples were redissolved in 100 μL mobile phase, and then oscillated and centrifuged before liquid chromatography (LC) analysis. The LC conditions were:
Eclipse XDB-C18 chromatographic column (150 x 4.6 mm, 5 μm), 227 nm detection wavelength, 60:40 mobile phase:acetonitrile, 1.0 mL/min flow velocity, room temperature column temperature, and 20 μL sample concentration.
The paclitaxel standard substance was added to the tissue homogenate and prepared into 1, 2, 4, 8, 16, 24, and 40 μg/mL standard samples, which were inspected by LC, and a regression equation was established according to the linear regression of the peak area (A) vs concentration (C).
Blank rat plasma was added to the paclitaxel standard solution and prepared into 30, 15, and 3 μg/mL plasma samples. Samples were inspected using LC, and the average recovery rate was calculated. The three-concentration samples were injected every hour 5 consecutive times to achieve intra-day precision.
The tumor-bearing mice were separated into 3 groups, with 6 animals per group. Either 20.0 mg/kg NGR-SWCNT-Paclitaxel complex dispersion, SP complex, or paclitaxel control solution were respectively injected through the caudal vein into tumor-bearing mice. The three groups of mice were sacrificed 30 min, 1 h, and 3 h after injection. The heart, liver, spleen, lung, kidney, brain, and tumor tissues were disposed of and inspected by HPLC following the same procedure described above.
Thirty S180 tumor-bearing male Kunming mice (mean weight 20 ± 2 g) were separated into 5 groups: the control (normal saline) group (C group), the NGR-SWCNTs group (NS group), the paclitaxel group (P group), the SWCNTs-Paclitaxel group (SP group), and the NGR-SWCNT-Paclitaxel group (NSP group). Mice in each group were administered with each treatment by injection through the caudal vein. The P, SP, and NSP groups received 20 mg/kg paclitaxel, and the NS and NSP groups received 20 mg/kg SWCNTs. Mouse models were treated every 2 days and were consecutively injected a total of 7 times. Each mouse was observed and tumors were measured with Vernier calipers. The tumor volume was calculated using the formula:
where A = tumor of long diameter and B = tumor of short diameter.
Mice were sacrificed when the treatment was finished. The heart, liver, spleen, lung, kidney, and tumor tissues were made into hematoxylin and eosin (HE)-stained paraffin sections. The histomorphologies of the five groups were observed under microscope.
RESULTS AND DISCUSSION
Determination of SP complex preparation
The NGR polypeptide (A), the NGR and SWCNTs mixture (B), and the NGR-SWCNT-Paclitaxel complex (C) were analyzed by thin layer chromatography. Both A and B showed NGR fluorescence spots, while C did not, which indicated that NGR had completely combined with the SWCNTs.
The mechanical mixture of paclitaxel with excipients and the NGR-SWCNT-Paclitaxel complex were analyzed by differential scanning calorimetry (Shanthi et al., 2013) . The paclitaxel peak disappeared after it was absorbed by the SWCNTs. This means that paclitaxel did not exist as a crystal, but was instead loaded on the SWCNTs. The differential scanning calorimetry results are shown in Figure 2 .
Comparison among methods indicated that the PM yielded the best paclitaxel LR (Figure 2) .
Using the PM, the LR of SWCNTs increased with increasing paclitaxel concentration; however, the loss rate of paclitaxel increased at the same time. Therefore, the optimal reactant ratio for the PM was 1:2. Furthermore, the LR of the PM was much larger than those of the AM and GM were, as shown in Figure 2 .
Pharmaceutical evaluation
The NGR-SWCNT-Paclitaxel complex dispersion was inspected in parallel three times, and PSD and zeta potential agents are shown in Table 1 Table 1 . Particle size distribution (PSD) and zeta potential agents of the NGR-SWCNT-Paclitaxel complex.
The PSD data showed that the diameter of the nanopowder was 180 nm (Figure 3 ). TEM indicated that the SWCNTs were of filiform morphology, and were absorbed with the particles, which were paclitaxel microcrystals and surfactants, as shown in Figure 3 . The AFM results revealed that the particle size was quite uniform, and the SWCNT appeared spiculate based on the tubular structure, as shown in Figure 3 .
The LRs and ENs were determined and are listed in Table 2 . Loading rate and encapsulation efficiency of the NGR-SWCNT-Paclitaxel complex. 
Paclitaxel-single-walled carbon nanotube complex
Through a series of experiments, it was discovered that when the pre-freezing temperature was lower than -40°C, the potential and PSD would remain after the lyophilized powder was redissolved. This demonstrated that the NGR-SWCNT-Paclitaxel complex had excellent stability.
In vitro activity
In order to verify that the complex could be transferred to cells, the three treatment groups (NSPF, SPF, and F), along with the control group, were inspected at 1, 2, and 4 h for changes in drug concentration. Figure 4 shows that the NSPF and SPF groups had more rapid uptake and a higher paclitaxel concentration in cells. Fluorescence microscope observations were used to examine the cellular uptake of the NGR-SWCNT-Paclitaxel-FITC complex, and results are shown in Figure 4 . Compared with the control group, the NSPF group showed strong fluorescence, and the fluorescence intensity increased over time. This indicated that MCF-7 cells could efficiently phagocytize the NGR-SWCNT-Paclitaxel complex. The SPF group was also absorbed by MCF-7 cells, but the fluorescence signal was weak and required a relatively long time. The F group showed no fluorescence.
Inhibition activity was investigated with MCF-7 cells at 24, 48, and 72 h. There was no distinct difference between the three experimental groups at low concentrations; however, differences in inhibition activity became increasingly apparent with increasing concentration. As shown in Figure 5 , the NSPF and SPF groups had much better inhibition activities than did the paclitaxel group. Over time, all three groups showed an obvious increase of inhibition, and the NSPF group showed the best inhibition efficiency. This demonstrated that the NGR-SWCNT-Paclitaxel complex could help the transference of paclitaxel into cells, and that in particles, the NGR polypeptide could accelerate this process and improve the inhibition efficiency (Luan et al., 2012; Luo et al., 2013; Matthews et al., 2013; Zucali et al., 2013) .
Detection of plasma sample
The LC results indicated that endogenous substances had little effect on paclitaxel, and that a proper separation degree was achieved. The retention time of paclitaxel was 8.040 min, as shown in Figure 5 .
The plasma standard solutions were inspected, and the standard curve could be drawn on the linear regression of peak areas vs concentration. The regression equation was determined as: y = 20,959x + 19,423, which demonstrated a good linear relationship ( Figure 5 ).
NGR-SWCNT-Paclitaxel complex
The results of the paclitaxel recovery assay are shown in Table 3 , and the precision data are shown in Table 4 . The recovery rates at different concentrations were all above 85%, and the standard deviations were all lower than 15%. The inter-batch and intra-batch precision vs standard deviations were all lower than 10%. These results indicated that the experiments met the methodology requirement of biological sample detection.
The concentrations of the complex were inspected in each organ by using the same assay as "Paclitaxel contents were evaluated in tissue samples" above, and results are shown in Figure 6 .
Analysis of tissue distribution
In this study, the overall targeting efficiency (TE), targeting index (TI), and relative overall targeting efficiency (RTE) were calculated to evaluate the in vivo targeting of the NGR-SWCNTPaclitaxel complex (Gao et al., 2013; Germano et al., 2013; Shahin et al., 2013) . The TE indicates the percentage of tissue distribution, the TI indicates the variation in the medicine concentration between the experimental and control group tissues, and the RTE represents the relativity value of the variation. Each of these variables were calculated using the following formulae: Table 4 . Inter-batch and intra-batch precision of paclitaxel in plasma.
where i = each tissue, E = experimental group, and C = control group, AUC = area under the curve. The AUC 0→3 h was calculated with the trapezoid method. As shown in Tables 5 to 7 , the NSP group had distinctive tumor targeting efficiency. The SP group had perfect targeting to twhe liver. In the brain, the paclitaxel concentration was not detectable. There were no obvious differences between the heart, spleen, and kidney. These results demonstrated that the NGR-SWCNT-Paclitaxel complex had specific targeting toward tumors and the liver. 
Paclitaxel-single-walled carbon nanotube complex
Antitumor activity
The influence on tumor volume was observed and results are shown in Figure 7 . The tumor volumes of the P, SP, and NSP groups were all much smaller than that of the control group. Furthermore, the NSP group showed a better curative effect compared to the P and SP groups.
Furthermore, there were no obvious differences among the major organs investigated (Figure 7) , which suggests that this therapeutic schedule would not lead to any viscera toxicity. The tumor tissues of the control and NS groups were clearly dyed and the cell boundaries were integrated. However, for the P, SP, and NSP groups, the tumor tissues had cells broken at different levels. Among these groups, the NSP group showed the most obvious cell breakage, and several of the cells were not dyed. Table 7 . Targeting parameters of tissue in mice after intravenous injection. TE = targeting efficiency; TI = targeting index; RTE = overall targeting efficiency.
CONCLUSION
The NGR-SWCNT-Paclitaxel complex was systematically investigated in the present study from the preparation of the complex and lyophilized powder to its in vitro and in vivo biological activity. The precipitation method was shown to be suitable for preparing the SWCNT-Paclitaxel complex. The optimal prescription of the NGR-SWCNT-Paclitaxel complex lyophilized powder was determined. Cell absorption experiments demonstrated that the NGR-SWCNT-Paclitaxel complex could effectively be transferred to MCF-7 cells and inhibit the proliferation of breast cancer cells. The inhibition occurred in a concentration-and time-dependent manner. The paclitaxel concentrations in Sprague-Dawley rats' plasma and in the tissues of tumor-bearing mice were inspected by HPLC. The pharmacodynamic analysis demonstrated that the NGR-SWCNT-Paclitaxel complex had a sustained-release effect. The NGR-SWCNT-Paclitaxel complex increased the paclitaxel concentration in the liver, lung, spleen, kidney, and tumor tissue, and showed obvious targeting to the liver and tumors. The complex also elicited a great change in the paclitaxel distribution in vivo. Compared with the control group, the NSP group had distinctly smaller tumors, which indicated that the NGR-SWCNT-Paclitaxel complex had a better therapeutic effect.
